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Abstract
We investigate a nanoscale dielectric capacitor model consisting of two-dimensional, hexagonal h-
BN layers placed between two commensurate and metallic graphene layers using self-consistent field
density functional theory. The separation of equal amounts of electric charge of different sign in dif-
ferent graphene layers is achieved by applying electric field perpendicular to the layers. The stored
charge, energy, and the electric potential difference generated between the metallic layers are calcu-
lated from the first-principles for the relaxed structures. Predicted high-capacitance values exhibit the
characteristics of supercapacitors. The capacitive behavior of the present nanoscale model is com-
pared with that of the classical Helmholtz model, which reveals crucial quantum size effects at small
separations, which in turn recede as the separation between metallic planes increases.
Keywords: nanoscale dielectric capacitor, supercapacitor, energy storage, nanocapacitor,
graphene, boron nitride
Introduction
Conventional (electrostatic) and electrochemical
(EC and/or electrochemical double layer, EDLC)
capacitors, batteries and fuel cells are systems
which are widely used for energy storage.1,2 As far
as the combination of specific power versus spe-
cific energy capability is concerned, electrostatic
capacitors keep an important place among them.
On the other side, conventional capacitors are lim-
ited by the device geometry and the batteries are
limited by the slow response time due to the mo-
tion of the ions in electrochemical reactions.
Recent developments in nanoscale physics have
further widened our perception of energy storage
mechanisms in materials. In this respect, recy-
clable, efficient and high capacity energy storage
through light weight nanoscale mediums have at-
tracted interest.3,4 In fact, capacitors at nanoscale
have been developed as one of the most promis-
ing energy storage mediums, whereby several or-
ders of magnitude higher energy densities have
been realized. They are able to store and re-
lease charge faster, can deliver higher amounts of
charge at higher power rates as compared to con-
ventional batteries and have longer life with short
load cycles which make them advantageous in
various applications.1,2,5–9 Several materials such
as mixed metal oxides,10 polymers,11 and car-
bon nanotubes12,13 have been used to fabricate su-
percapacitors. Concomitantly, the performances
of the latter were further improved and stabi-
lized by using nonaqueous solvents with uniform
translational diffusion coefficient.14 This impor-
tant behavior was also observed in simulations of
acetonitrile confined in carbon nanotubes, which
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makes it a suitable solvent.15
Recently, nanoscale dielectric capacitors (NDC)
have rapidly developed and achieved properties,
which are superior to other systems of energy stor-
age. An ideal NDC should be composed of metal-
lic layers that can store and release charge and a
dielectric material in between these layers for in-
creasing the capacitance value without increasing
the dimensions of the structure. Recent theoreti-
cal and experimental studies on graphene, carbon
nanotubes and metallic nanowires have focused
on understanding the dielectric properties of these
structures and forming thin layers that can serve
as ideal charge holding metallic plates.9,16–18 A
theoretical method has been developed for calcu-
lating the dielectric response of periodic metal-
insulator heterostructures and hence the micro-
scopic properties of thin-film capacitors modeled
by Ag/MgO/Ag films.9 In a recent study, nanos-
tructured electrodes were used to fabricate trans-
parent capacitors with polymer dielectrics and car-
bon nanotube electrodes16 which are important in
a range of applications from sensors to transparent
circuits. Similarly structural, optical and electrical
properties of transparent carbon nanotube based
capacitors on glass substrates were also examined
and shown to be highly efficient in photovoltaic
and solar energy storage devices.17 It was also ex-
perimentally demonstrated that Ag nanowires de-
posited on glass substrates can be used as elec-
trodes18 which can possibly be used in nanocapac-
itor fabrication.
Improving the permittivity of the dielectrics used
have been also important for higher capacitance
values of NDCs. With this regard, recent progress
was made in increasing the permittivity and break-
down strength of nanocomposite materials by us-
ing fillers19,20 and high aspect ratio nanowires.21
It was demonstrated that polyvinylidene fluoride
and Ba-Ti-O nanowires can both increase the
breakdown strength of nanocomposite dielectrics
and increase their energy densities.19 The depen-
dence of the energy density on the volume frac-
tion was also investigated and maximum energy
density values were achieved at 50% nanoparticle
volume fraction.20 Furthermore, the existence of
dielectric dead layer at nanoscales were investi-
gated on SrRuO3/SrTiO3 dielectric capacitors and
the reason behind the reduction in the capacitance
values in experiments as compared to theoretical
predictions were explained.9
Exceptional properties of graphene have been
exploited actively for future nanoscale electron-
ics and spintronic applications.22,23 Incidentally, it
was shown that graphene can sustain current den-
sities six order of magnitude larger than copper.24
Graphene with its 2D one-atom thick honeycomb
structure showing a perfect electron-hole symme-
try and high chemical stability25 has also been pro-
posed as an ideal nanocapacitor material.5,26,27 In
previous studies, capacitance per unit area values
of 80 µF/cm2 and 394 µF/cm2 have been achieved
for capacitors with electrodes comprised of pris-
tine graphene and multilayer reduced graphene ox-
ide.28 Other than obtaining high capacitance val-
ues, graphene capacitors have also been a field
of study for observing interaction phenomena in
graphene layers.29
Model
In this paper, we consider a NDC model en-
visaged from composite materials and study its
capacitive behavior using ab initio calculations
within the density functional theory (DFT). Our
nanoscale capacitor model is composed of hexag-
onal h-BN layers, which are stacked between two
metallic graphene sheets as described in 1 (a)
and attains high gravimetric capacitance values.
We compare the capacitance values obtained from
the present first principles total energy calcula-
tions with those estimated within the classical
Helmholtz model and reveal crucial quantum size
effects at nanoscale.
Single, as well as multilayer h-BN are wide band
gap insulators and they can serve as a dielectric
material between metallic graphene layers. Addi-
tionally, sheets of h-BN multilayers that are lattice
matched to graphene allow one to attain robust and
high precision nanoscale spacings between two
parallel metallic graphene sheets, which can be
set to desired values. It has already been shown
both experimentally30 and theoretically31,32 that
h-BN layers of any thickness can be grown on
graphene layers and vice versa. Additionally, us-
ing phonon dispersion calculations and molecu-
lar dynamics simulations, stabilities of such struc-
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Figure 1: (Color online) (a) A NDC model with n = 2
h-BN layers serving as dielectrics are capped by two
parallel graphene layers serving as metallic plates. The
whole system is subjected to a uniform electric field
along the z-axis so that graphene plates are charged by
surface charge densities of −σ and +σ , respectively.
(b) Schematic description of the calculated (x,y)-plane
averaged electronic potential, V¯ (z). The difference of
the potential energy between graphene layers A and B
is eV¯z. (c) Isosurfaces of the self-consistent difference
charge densities of the negatively charged (A) and pos-
itively charged (B) graphene layers are ∆ρA and ∆ρB,
respectively. The isosurface values are taken as 0.01
electrons / Å2. Yellow and blue isosurfaces indicate ex-
cess and depleted electrons, respectively. The compu-
tations are performed on a 2× 2 supercell with a vac-
uum spacing of 20 Å.
tures and other similar carbon and BN allotropes,
namely graphyne and BNyne, were recently stud-
ied.33,34 Other than bilayer structures, it is also
possible to grow perpendicular carbon and BN
chains on top of graphene and single layer h-
BN.35,36
Controlling the spacing between metallic plates
at nanoscale is the crucial feature in attaining high
capacitances. Series, parallel, mixed and 3D com-
binations of these structures, which can also be
fabricated by repeated stacking of varying num-
bers of graphene and h-BN layers, offer number
of options in constructing novel NDCs with di-
verse functions. Thus, by varying the separation
distance in our capacitor model, we observe in-
teresting quantum size effects at small separations
which recede as the distance between the graphene
plates increases. Since the principle objective of
using a capacitor is to store energy by storing equal
magnitude of electric charges of opposite sign in
two disconnected conducting plates, a charged ca-
pacitor is in a static and non-equilibrium state.
The energy stored this way is released when the
plates are connected to a circuit, so that the dis-
charged capacitor turns into an equilibrium state.
At nanoscales, since the separation thickness of
the devices can be as small as a nanometer, the
stored energy has to be calculated from the first-
principles. However, the available first-principles
methods allow us to treat the distribution of only
one kind of excess charge (positive or negative)
in the same system at a time.37–40 Therefore, the
main obstacle in the present study was separating
positive and negative charges on the plates of a
capacitor. In our model, the charge carriers are
electrons themselves; while they exist in excess in
one plate, they are depleted from the other one.
Thus, our paper treats the charged capacitor. The
charge separation is achieved by applying an exter-
nal electric field ~E, perpendicular to the graphene
layers, as schematically shown in 1 (a). This situ-
ation mimics the operation of a capacitor, whereby
the surface charge of opposite sign initially stored
on different metallic plates create a perpendicular
electric field. The shorting of these two plates and
hence the discharge of the capacitor are hindered
by placing sufficient amount of vacuum space or
dielectric h-BN layers between graphene plates.
On the other side, charge separation through ap-
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plied electric field by itself brings along a serious
problem: When treated using periodic boundary
conditions (PBC), the vacuum potentials between
the periodically repeating negatively charged sur-
faces or systems under an electric field form a
quantum well. If this quantum well dips below
the Fermi level, electrons start to be accommo-
dated in this quantum well in calculations using
plane wave (PW) basis set. Accordingly, excess
electrons in the graphene layers become vulner-
able to spurious charge spilling into the vacuum
space between supercells. Therefore, this artifact
sets a limit to the amount of negative charging that
can be treated by PW for a given width of the vac-
uum region s. Nevertheless, this artifact of PW
methods can be circumvented by using a local ba-
sis set such as atomic orbitals (AO), since they fail
to represent the states which can be bound to the
quantum well in the middle of the vacuum spac-
ing. In recent studies41,42 the treatment of charged
systems and systems under electric field has been
extensively analyzed. Thus, treating an NDC from
the first-principles using periodic boundary condi-
tions, where electric charges of opposite sign are
separated through an applied perpendicular elec-
tric field, is the unique aspect of our study.
Method
In view of the above discussions, we car-
ried out first-principles spin-polarized and spin-
unpolarized calculations within density functional
theory (DFT) using atomic orbitals (AO) as local
basis set. The exchange-correlation potential is
approximated by the generalized gradient approx-
imation (GGA) using Perdew, Burke and Ernz-
erhof (PBE) functional.43 The eigenstates of the
Kohn-Sham Hamiltonian are expressed as linear
combinations of numerical atomic orbitals. A 200
Ryd mesh cut-off is chosen and the self-consistent
field (SCF) calculations are performed with a
mixing rate of 0.1. Core electrons are replaced
by norm-conserving, nonlocal Troullier-Martins
pseudopotentials.44 The convergence criterion for
the density matrix is taken as 10−4. Atomic po-
sitions, lattice constants are optimized using the
conjugate gradient method, where the total energy
and atomic forces are minimized. In particular, the
minimum energy stacking sequence of the com-
posite material consisting of n BN layers between
two graphene is determined for each n. All numer-
ical calculations are performed using the SIESTA
code.45 Dipole corrections46 are applied in order
to remove spurious dipole interactions between
periodic images for the neutral calculations. Cal-
culations are carried out on the (2×2) supercells in
order to account possible reconstructions, but the
relevant values are given per primitive cell. The
dielectric constant values of stacked boron nitride
layers were calculated using plane wave methods
as implemented in the PWSCF package.47
Our previous analysis48 have shown that the
interlayer spacing of graphite has been overesti-
mated by GGA approximation using PW91 func-
tional,49 but has improved to near 4% of the ex-
perimental value with the van der Waals (vdW)
correction.50 To reveal the accuracy of the spacing
between graphene and single layer h-BN; and also
the spacing between the graphene layers capping
two h-BN layers in 1(a) we optimize the struc-
tures with two different methods: (i) with PBE us-
ing SIESTA code and (i) with PBE including vdW
correction using VASP code.51 While the spacing
between single graphene and h-BN layers is over-
estimated by 5.5% in PBE relative to that of ob-
tained by including vdW correction, this overesti-
mation of the spacing between the graphene layers
in our capacitor model reduced to 1.5%. As for
the lattice constant of the hexagonal primitive unit
cell predicted by PBE (SIESTA) and PBE+vdW
(VASP), the former method overestimates the lat-
tice constant of the free graphene (free h-BN) by
only 0.6% (0.7%). In view of the fact that h-BN
layers serve as dielectrics, the overestimation of
the interlayer spacings by approximately 5.5% is
acceptable.
Regarding the structure, free h-BN and free
graphene have lattice constants calculated to be a=
2.53Å and a=2.48Å , respectively, which lead to a
lattice mismatch of ∼2%. When grown on top of
graphene, this lattice mismatch is accommodated
by a supercell of 50×50 comprising 10.000 atoms.
Therefore, the investigation of superlattice effects
and miniband formation may not be investigated
easily from first-principles calculations. However,
the effects of small lattice mismatch is expected to
be minute52 to affect the properties of dielectric h-
4
Figure 2: (Color online) Electronic energy band structures calculated for (2×2) supercell. The zero of energy is set
to the Fermi level EF shown by the red dash-dotted lines. (a) Isolated, single layer graphene, which is negatively
charged by Q=−0.06e per primitive unitcell (or σ =−0.18C/m2). (b) Positively charged single layer graphene with
Q = +0.06e per primitive unitcell (or σ = +0.18C/m2). ED± ' ± 0.9 eV are the down and up shifts of the Dirac
points (D− and D+) relative to the Fermi level for negative and positive charging, respectively. (c) The electronic
band structure of the capacitor consisting of two h-BN layers capped by single layer graphenes, which is subjected
to an electric field of ~E = 1.0 V/Å. The band structure of the free h-BN bilayer is shown by the blue dotted lines. The
energy difference between D− and D+ points is ∆E. The inset shows the symmetry directions in the central parallel
plane including Γ-point.
BN spacer. Additionally, when optimized together
in a single unit cell, h-BN having relatively smaller
in-plane stiffness53 is compressed to the smaller
unit cell.
Results and discussion
Electronic Structures
We first consider two isolated graphene layers
where each one is charged by ±Q = 0.06 elec-
trons per primitive unitcell (or ±σ = 0.18C/m2).
The electronic band structure of each graphene is
shown in 2 (a)-(b): The Dirac point D− dips be-
low the Fermi level when a the isolated graphene
is negatively charged by σ =−0.18C/m2. In con-
trast, the Dirac point D+ raises above the Fermi
level when the isolated graphene layer is positively
charged or hole doped by σ = 0.18C/m2. The
upward and downward shifts of the correspond-
ing band structures in 2 (a)-(b) are equal and
|ED−|= ED+ ' 0.9 eV.
Next, we examine our model of nanocapaci-
tor described in 1(a), which is actually one sin-
gle system of a composite material consisting of
two insulating h-BN layers placed between two
parallel semimetallic graphene layers. Initially
the graphene layers have zero net charge. How-
ever, when exerted by a positive ~E along the z-
axis, self-consistent field calculations accommo-
date excess electrons on the left graphene while
the same amount of electrons are depleted from
the right graphene. Hence, the integral of the
volume charge in the cell of the capacitor is still
zero;
∫
cellQdV = 0. The atomic structures, in-
terlayer spacings, relative positions of the layers
and the cell parameters, are optimized. The plane-
averaged electronic potential, V¯ (z), is shown in
1(b) under an external electric field of ~E = 1.0
V/Å. For this case, the potential energy difference
between the two graphene layers is calculated to
be e∆V¯z ' 1.8 eV, which leads to the accumula-
tion of equal amount of surface charge of oppo-
site sign, ±Q = 0.06 electrons per primitive unit-
cell (or ±σ = 0.18C/m2) on either graphene lay-
ers. The isosurface plots of the difference charge
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density of the negatively charged (A) and posi-
tively charged (B) graphene layers, namely the dif-
ference of charge densities between the charged
(ρA,B) and neutral (ρ0) graphene layers, ∆ρA,B =
ρA,B−ρ0 illustrate the charge separation.
The equilibrium band structure of this optimized
capacitor in a (kx,ky,kz = 0) symmetry plane in-
cluding the center of the Brillouin zone parallel to
the graphene and BN planes of capacitor is pre-
sented in 2(c). Owing to the weak coupling be-
tween graphene layers and BN-layers, the band
structure of the capacitor is practically the com-
bination of the bands in 2 (a) and (b), and those
of h-BN bilayer as shown by the dotted lines in
2(c), except that the insulating bands of each h-
BN layers shift relative to each other. Based on the
calculated electronic structure we make following
comments:
(i) Being an insulator and serving as a spacer
and dielectric, the variation of the band structure
and band gap of BN with applied electric field ~E is
closely related to the breakdown voltage (i.e. the
maximum voltage occurring between the plates
before they are shorted internally) and dielectric
strength (i.e. the maximum electric field magni-
tude that an insulator can withstand without the
occurrence of breakdown). The band gap of free
single layer h-BN, which was calculated to be
∼4.6eV,33 rises up to 6.8 eV after GW self-energy
correction.53 Experimentally, it is measured to be
∼ 5.5eV.54 Earlier it was demonstrated that the
band gap of a single layer MoS2 is overestimated
by GW correction.55,56
(ii) The dielectric spacer undergoes a potential
difference between two charged metallic plates,
whereby the band gap is bent. For a given uni-
form ~E exerted perpendicular to the plates, the
band bending is approximately proportional with
the width of dielectric spacer and the magnitude
of the electric field. Upon bending of the bands
in direct space, the band gap between the conduc-
tion and the valance band decreases with increas-
ing potential difference. In the k-space the band
bending manifests itself as the energy shift of the
bands of each parallel h-BN layer. For example,
the energy shifts of consecutive bands is calcu-
lated to be ∼ 1 eV at ~E=1 V/Å for 5 layers of
BN without the capping graphene layers. Even if
the band gap in each layer is practically unaltered,
the bad gap of the multilayered h-BN decreases
with increasing ~E since the bottom of the con-
duction band is lowered along one direction while
top of the valance band raises along the opposite
direction to narrow down the band gap. At the
breakdown voltage of the BN spacer comprising
finite number of h-BN, the Fermi level overlaps
the band of capping graphene (or the top of the
valance band of the bare BN spacer in the absence
of capping graphenes) with the lowest conduction
band, which is bent to lower energies. Thereafter,
a resonant tunneling sets in between negatively
and positively charged metal plates through the h-
BN layers. This physical event has been identified
as the Zener breakdown,57 whereby a wide band
gap insulator becomes a conductor. The tunneling
current exponentially decays with the increasing
hight and width of tunneling barrier. In this re-
spect, the nanoscale dielectric capacitor proposed
here having small spacings between the plates al-
lows a high surface charge density σ on the metal-
lic plates and hence induces large perpendicular
electric field in the spacer. The energy barrier,
∆Φ, between the Fermi level and the lowest con-
duction band of BN spacer, is the tunneling bar-
rier. Higher ∆Φ, by itself, hinders the tunneling
of carriers from one plate to other through the BN
spacer.
(iii) At the nanoscale, the dielectric strength can
be deduced from the band structure of BN spacer,
which is stronger than the dielectric strength of BN
crystal. For the nanoscale graphene+BN, planar
capacitor like the one presented in 1, the break-
down voltage is estimated from the band gap of a
single layer h-BN which is ∼ 3 V for n = 3. We
note, however, that for BN spacer consisting of a
few layers, the breakdown voltage depends on var-
ious conditions, such as non-equilibrium state, the
coupling between graphene and adjacent h-BN, etc
and requires a thorough analysis.
(iv) The integrals of the SCF charge on the
graphene layers A and B in 2(c) are equal to
the excess charge values used in the calculation
of 2(a) and (b), namely
∫ B,Aσ(x,y)dxdy=±Q=
0.06 electrons per primitive cell (or ±σ = 0.18
C/m2). (iii) The calculated energies of the Dirac
points for the left graphene layer, (ED−) in 2(a)
and the right graphene layer, ED+ in 2(b) rel-
ative to the common Fermi level EF are equal
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in magnitude because of the electron-hole sym-
metry near the Dirac points, i.e. |ED−| = ED+ .
In the electronic band structure of the capacitor
in 2(c), the energy difference between the Dirac
points D+ and D− is ∆E. Interestingly, ∆E is
equal the sum of the energy shifts in 2(a) and (b),
i.e. ∆E = |ED−|+ED+ . (iv) Even more interest-
ing is that ∆E ' e∆V¯z in 1(b). (v) The effect of
h-BN spacer layers on the electronic properties of
graphene is minute. Hence, the small lattice mis-
match between graphene and h-BN layers is not
important for the purpose of the present study.
These features by themselves demonstrate that
our model of NDC is in fact appropriate and pre-
cise. Even if the adjacent layers are coupled, the
graphene layers A and B are isolated and electron-
ically decoupled. It should be noted that the capac-
itive behavior attained above by applying perpen-
dicular electric field is equivalent to the reversed
situation, where the ±Q charge stored in different
plates can induce the same ~E.
Capacitance
Having tested our NDC model of capacitor, we
next investigate its capacitive behavior. To this
end we calculate the stored energy as a function of
the applied electric field for different numbers n of
parallel h-BN . The energy difference between the
total energies of the structures under external field
and under zero field gives us the energy stored in
the capacitor, EC(n,~E) = ET (n,~E)−ET (n,~E = 0).
The total energies, ET , are obtained by SCF en-
ergy calculations of the optimized structures. In
3(a) the variations of capacitor energy with ap-
plied ~E are plotted for n=1-4. The variation of EC
is not monotonic with n for the reason explained
in the forthcoming part. In 3(b), we present the
variation of the magnitude of the excess charge,
|Q| stored in either graphene layers as a function
of the applied field for n =1-4. Here |Q| is also
obtained from first-principles calculations by in-
tegrating the net charge in either graphene layer.
In 3(c) we calculate the capacitance per mass C1
from the expression C1 = Q2/(2mEC), where m is
the total mass of B, N and C atoms in the model.
We note that for ~E >0.35 V/Å, the calculated val-
ues of capacitance C1 begin to saturate to differ-
ent values depending on n and become indepen-
dent of the applied field as one expects. Thus, our
choice of ~E =1V/Å in 2 was reasonable, since
it is within the saturated region for n =2. This
very important result shows that even if the en-
ergy of NDC is obtained from the first-principles
calculations, the behavior of the calculated capac-
itance complies with its definition. The transient
behavior of ~E in the range of 0< ~E <0.45 is due
to the uncertainty in the calculation of optimized
ET . The gravimetric capacitance of n=2 is calcu-
lated to be C1 = 54.4 F/gr, which is considered to
be in the range of (EDLC) supercapacitors. The
capacitance values can also be acquired from the
definition, namely C2 = Q/m∆V¯z using the calcu-
lated charge values |Q| in 3(b) and ∆V¯z from the
plane-averaged potential V¯ (z) as described in 1.
The capacitance values acquired this way are in the
range of those calculated from C1 = Q2/(2mET )
in 3(c). Nonetheless, in the rest of discussions we
used the capacitance values C1 obtained from the
quantum mechanical calculations of energy and
charge, since due to the plane averaging process
of electronic potential, ∆V¯z does not provide the
necessary precision compatible with that of the to-
tal energy calculations. In Table I, we list various
parameters and calculated values relevant for the
calculations of gravimetric capacitances per unit
mass. We do not consider the graphene bilayer
corresponding to n = 0, since the charge stored in
the layers are shorted.
In 4 we compare capacitance values calcu-
lated using DFT and classical Helmholtz model
as a function n. The capacitance value acquired
from the DFT results is small for single h-BN
layer; but passes through a maximum and then de-
creases with increasing numbers of h-BN layers.
The latter behavior for large number of h-BN lay-
ers is reminiscent of that of classical capacitance,
namely C ∝ 1/d, since the distance d between the
charged capacitor plates also increases as n in-
creases. However, that the increase in the value
ofC1 as n increases from 1 to 2 is surprising, since
the effect of the insulating medium consisting of
h-BN layers is indigenous to the DFT calculation
ofC1 deduced from EC. This situation is attributed
to a quantum size effect as revealed from our anal-
ysis of high frequency dielectric constant, κν=∞,
as well as low frequency (static) dielectric con-
stant κν=0, of h-BN sheets calculated as a function
7
Figure 3: (Color online) Variations of stored energy EC, charge |Q| and capacitance C as a function of external
electric field ~E calculated for different n number of h-BN layers between two graphenes. Note that the capacitance
values start to saturate after ~E >0.35 V/Å and reach their steady state values for ~E > 0.6 V/Å.
Table 1: Number of BN layers between the graphene plates, n; calculated and optimized values of the distance be-
tween graphene layers capping h-BN layers, d (in Å); total mass of the primitive unitcell, m (in kg×10−22); calculated
dielectric constants of the layered h-BN sheets, κ ; magnitude of the excess charge on the graphene plates, |Q| (in
electrons); energy stored in the primitive unitcell, EC (in eV); local potential difference between the graphene plates,
∆V¯z (in V ); gravimetric capacitance in Farads per grams calculated using (i) the EC and Q values obtained from DFT
calculations, i.e. C1 = Q2/2mE; (ii) the ∆V¯z and Q values obtained from DFT calculations, i.e. C2 = Q/m∆V¯z and
(iii) using the classical Helmoltz expression, i.e. C3 = κε0 Amd , where κ is the dielectric constant value for bulk BN,
ε0 = 8.85×10−12 F/m is the permittivity of free space and A = 5.25×10−20 m2 is the area of the graphene plate
in the primitive unitcell. The relevant values are given for the maximum capacitance values obtained for each n. The
masses of the NDC models are calculated by adding the atomic masses of B, C and N atoms in the primitive unitcell
of the optimized composite systems.
n d m κ |Q| EC V¯z C1 C2 C3
1 6.21 1.21 1.59 0.035 0.033 2.2 24.5 20.9 33.9
2 9.52 1.63 2.17 0.060 0.033 1.8 54.4 32.8 16.5
3 12.23 2.04 2.75 0.055 0.051 3.5 23.2 12.3 10.2
4 15.14 2.46 3.29 0.040 0.093 4.6 5.6 5.7 6.9
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Figure 4: (Color online) Comparison of the calculated
capacitance values of NDC at ~E = 1.0 V/ Å as a func-
tion of the number of insulating h-BN layers, n. Capac-
itance values calculated using the optimized total en-
ergy ET [n,~E] obtained from DFT, C1; using the plane-
averaged ∆V¯z, C2; and the purely classical Helmholtz
formula, C3; are shown by solid(blue), dashed(red) and
dash-dotted(green) lines, respectively. The dotted lines
show the hypothetical capacitance values for n< 1.
of n. Because of the layered character, one dis-
tinguishes the in-plane (‖) and perpendicular (⊥)
dielectric constants in BN spacer. The calculated
κν=0,‖ and κν=0,⊥ of the layered bulk BN crystal
are 5.25 and 3.80, respectively, which are in fair
agreement with experiment.58 Calculated values
of κν=0,‖ (κν=0,⊥) are listed in Table I for n =1-
4. Accordingly, κ increases with increasing n and
hence displays a strong size effect. Rather small
values of κ for n =1 and 2 cause that C1 first in-
creases with increasing h-BN layer for n ≤2, but
it decreases with increasing n for n >2 as shown
in 4. In other words, although a decrease in the ca-
pacitance value is expected as the layer-layer sepa-
ration increases, the increase in the dielectric con-
stant of h-BN layers counters this effect. Hence, as
a result of the competition between the increased
layer-layer distance and increasing dielectric con-
stant values, the capacitance value passes from a
maximum at an optimum spacing after which it
starts to decrease again. In the same figure we also
plotted the variation of capacitance obtained from
the Helmholtz model C3 = κε0A/md, where d is
the distance between graphene layers correspond-
ing to a given n, and κ is the dielectric constant of
bulk BN. This is a purely classical value. We see
that quantum effects dominate the capacitance for
n <4, while they decay quickly and the capacitor
behaves as a classical capacitor for n≥4.
Conclusions
We emphasize the important aspects of the present
study by way of conclusion: (i) We proposed a
model of a nanoscale dielectric capacitor (NDC)
composed of two metallic graphene layers sepa-
rated by an insulating medium comprising a few
h-BN layers. Graphene as well as h-BN layers
are in registry. BN was chosen as a dielectric be-
cause it is an excellent spacer with a lattice con-
stant close to that of graphene. Graphene and h-
BN are two well-known single layer honeycomb
structures; either one of them can grow easily on
the other. Therefore, the proposed model can eas-
ily be fabricated. (ii) We showed that our model
can attain high capacitance values. This is crucial
for high capacity energy storage. Even in classi-
cal region for n ≥ 4 the capacitance values C3 are
still very high due to the separation of graphene
layers at nanoscale. (iii) The DFT method used
to separate charges of different polarities between
two metallic plates and to calculate the optimized
total energy is original and allows us to treat the
nanoscale dielectric capacitor from the first prin-
ciples. (iv) The analysis on the spurious vac-
uum charging is crucial for the calculations from
the first-principles using periodic boundary condi-
tions, as it is in the present study. These spurious
effects have been eliminated by using local basis
sets. (v) We also showed that quantum effects be-
come crucial at nanoscale and how they recede as
the dimensions of the capacitor increase. Thus,
the present model of NDC keeps the promises of
future applications. Our model of nanocapaci-
tor allows the sequential and multiple combina-
tion of graphene/BN/graphene/BN/...../graphene
to achieve high volumetric densities and to at-
tain high capacity energy storage. Apart from
the graphene/h-BN/graphene composite nanoca-
pacitor, layered composite materials composed of
graphene like insulators GaAs, AlAs, InN53 etc.
which are capped by single layer metallic Si and
Ge (i.e. silicene and Germanene),59 or layered
transition metal dichalcogenides56 can be used for
the same purposes. Finally, we point out another
9
interesting situation, where the metallic plates and
the dielectric medium between them can be ar-
ranged on the same single layer honeycomb struc-
ture consisting graphene and h-BN domains. This
way a 2D capacitor can be realized and can be inte-
grated to the nanocircuit on the same layer. The re-
cent studies achieving the growth of graphene and
h-BN continuously on the same layer60 indicate
that this conjecture can be promising in near fu-
ture. We hope that the present study will initiate
further experimental and theoretical studies in this
field.
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